The hydrothermal method enables the high quality epitaxial PbTiO 3 deposition at 150 C and we have already reported on the ferroelectric properties of an about 100-nm-thick PbTiO 3 film. In this study, the piezoelectric properties of a 430-nm-thick PbTiO 3 epitaxial film were examined. The domain structure was composed of predominantly the þc-domain and a small amount of the a-domain. The DE hysteresis curve and piezoelectric strain were asymmetrical because the initial domain structure was stable and difficult to reverse perfectly with an external electric field. The strain has an excellent linearity, and d 33effec coefficient was found to be 97 pC/N, which is larger than the predicted value. The large-piezoelectric performance and excellent linearity are suitable for ultrasonic transducers applications.
Introduction
Ferroelectric thin films are essential parts of microsensors, actuators and ultrasonic transducers. There are various deposition techniques; however, all of them require a hightemperature crystallization process. On the contrary, the hydrothermal method is a unique method of depositing ferroelectric thin films from solutions lower than 200 C. 1) Up to now, a variety of films, such as BaTiO 3 , lead zirconate titanate (PZT) and PbTiO 3 have been reported. [2] [3] [4] [5] [6] [7] [8] [9] [10] The deposition temperature is lower than the Curie temperature; this means that the film does not go through phase transition during the deposition process. Therefore, the residential stress becomes very small compared with the other methods that require a 600 C crystallization. Due to the low reaction temperature, lead evaporation does not occur so that the chemical composition becomes stoichiometric without excessive lead.
Previously, 10) we reported on the ferroelectric properties of an epitaxial PbTiO 3 thin film deposited by the hydrothermal method. PbTiO 3 is one of the fundamental ferroelectric materials and is important as a component of solid solutions such as PZT and lead magnesium niobate-lead titanate (PMN-PT). However, as is well-known, it has been difficult to realize PbTiO 3 with enough resistivity, and it has been thought impossible to measure the DE hysteresis curve. [11] [12] [13] Therefore, even with single crystal PbTiO 3 , there is a lack of experimental data about physical properties, such as remanent polarization, piezoelectric coefficients and electro-optical coefficients, except in a few studies. 10, [14] [15] [16] [17] In particular, a well-saturated butterfly curve about PbTiO 3 piezoelectric performance has not been demonstrated as far as we know. Using the hydrothermal method, we were able to fabricate a high-quality crystal PbTiO 3 thin film, and derived a DE hysteresis curve indicating 96.5 mC/cm 2 remanent polarization.
10) The thickness after a 24 h reaction was 100 nm. The deposited film was perfectly epitaxial with a polarization direction from the top surface to the underlying SrRuO 3 electrode. From scanning nonlinear dielectric microscope (SNDM) 18) observations, the ferroelectric properties of the film were verified to be uniform and have no secondary phase in the nanoscale. A thinner type film obtained by a 3 h reaction, the thickness of which was 50 nm, has been applied to an ultrahigh-density data storage system using a SNDM. 19) In this system, the polarization of the ferroelectric domain was reversed as a one-bit nanodot using a conductive atomic force microscopy (AFM) cantilever. The minimum radius was as small as 12 nm, corresponding to 1 Tbit/in.
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Besides its application in ultrahigh-density data storage media, PbTiO 3 films have important potential uses as piezoelectric actuators and sensors: in particular, as highfrequency ultrasonic transducers. In this study, the piezoelectric property of a thicker epitaxial PbTiO 3 film was examined. A large piezoelectric displacement is necessary for actuator applications; thus, a greater thickness and a large piezoelectric coefficient are indispensable.
Hydrothermal Deposition Process
The hydrothermal reaction conditions for a PbTiO 3 epitaxial thin film are almost similar to those for a previous film. 10) After mixing reagents in a pressure vessel (Parr Model 4744) with a substrate, the pressure vessel was placed in a preheated oven for 24 h. The lead and titanium ion concentrations were changed from those used in a previous study 10) to increase PbTiO 3 thickness. The thickness of the film is strongly related to alkali concentration, reaction temperature and substrate suspending position in solutions. To clarify the hydrothermal deposition mechanism, an ongoing systematic work on these relationships is required. In the present case, a reduction in lead and titanium concentrations enabled an increase in thickness. The smaller amount of these ion sources resulted in a lower consumption of potassium hydroxide at the initial mixing of solutions, so that the effective high alkali concentration could remain higher. The hydrothermal reaction conditions are shown in Table I .
The substrate was a SrTiO 3 single crystal (100) on which the 50-nm-thick SrRuO 3 epitaxial film was deposited by sputtering as a bottom electrode. The atomic step treatment for the SrTiO 3 surface and sputtering conditions for epitaxial SrRuO 3 were based on reported studies. 20, 21) The film was crystallized in a solution using the hydrothermal method; hence, the convection of the reaction solution must be taken into consideration. To hold the substrate with some gap from the bottom of the pressure vessel, a holding component was utilized. In a previous PbTiO 3 deposition process, the holding structure was complicated and produced in turbulent flow in the solution. As a result, the 7.5 mm square substrate yielded an effective area for the PbTiO 3 thin film of 3 mm square at most. For the fundamental experiment on data storage medium applications, 10) a small deposition area was adequate; however, for actuator applications, a wider-area deposition becomes important. Thus, the substrate holding method was improved as shown in Fig. 1 to suppress turbulent flow. With this holding method with an 8 mm gap from the bottom, the effective area was increased to comprise almost the entire surface of the substrate. After PbTiO 3 deposition, the substrate was dried at 200 C for 1 h to remove moisture inside the film. After these deposition processes, scanning electron microscope (SEM) observation, SNDM observation, X-ray diffractometer (XRD) measurement, DE hysteresis measurements and piezoelectric performance measurements were performed.
Properties of Lead Titanate Thin Film
A SEM cross-sectional view of the PbTiO 3 /SrRuO 3 / SrTiO 3 film is shown in Fig. 2 . The thickness of PbTiO 3 was 430 nm, which was more than 4 times larger than that of the previous film. There was no structural defect inside the PbTiO 3 film. The difficulty of identifying the interface between PbTiO 3 and SrRuO 3 suggests a solid solution at the interface. Indeed, in the previous film, TEM observation clarified that the interface layer is a mixture of PbTiO 3 and SrRuO 3 . 22) When the total thickness of PbTiO 3 was 100 nm after a 24 h reaction, the interface layer thickness was about 20 nm. As for crystal quality, the epitaxial structure in the PbTiO 3 film was perfectly maintained, even in the interface layer. During the hydrothermal reaction, the target material is deposited with repeated crystallizations and meltings. This deposition mechanism must be related to the interface layer. No TEM observation was performed in the present study although the thicker PbTiO 3 film was thought to have a thicker interface layer from the results of the experiments, as shown below.
From the X-ray reciprocal mapping shown in Fig. 3 , the crystal structure was verified to be almost entirely coriented, although a slight a-domain structure was observed. The ratio of the intensity of the c-domain to that of the adomain was 50. The lattice constant of the c-domain was 0.413 nm and that of the a-domain was 0.392 nm. The adomain was tilted about 2.7 because of the tetragonal crystal structure.
To observe the domain structure in the PbTiO 3 film, an SNDM 18) was utilized. The SNDM has sub-nanometer resolution that has a superior resolution compared with a piezoresponse scanning force microscope. As shown in Fig. 4 , the predominant structure was the c-domain, with some stripe-shaped a-domains. This structure is a typical ac domain structure that matched the X-ray reciprocal mapping results. From the principle of SNDM, the signal from the adomain is zero; however that from the a-domain of this PbTiO 3 film was small and negative, and not zero, which indicated a distorted a-domain. The polarization direction at the c-domain area was perfectly aligned from the bottom to the top surface; þc-domain. This self-aligned polarization during crystallization is one of the interesting phenomena in the hydrothermal method; although the detail mechanism is unclear at present. It is considered that the electrical charge due to the interface layer between PbTiO 3 and SrRuO 3 plays an important role. The imprint property as shown later must be related to self-aligned polarization. The domain structure was different from the previous 100-nm-thick PbTiO 3 film, which had no a-domain and was perfectly c-oriented. Both films were dried at 200 C for 1 h after hydrothermal deposition. This temperature is sufficiently low, and the thermal expansion coefficients between PbTiO 3 and SrTiO 3 are almost the same. Therefore, this drying process is considered not to be related to the adomain formation. Instead, the a-domain formation is thought to have correlation with the thick interface layer due to high-speed deposition.
With a platinum top electrode (0.083 mm 2 ) evaporated onto the lead titanate by a shadow masked metal process, the ferroelectric and the piezoelectric properties were examined. The DE hysteresis curve is shown in Fig. 5 . In this graph, plus voltage shows the voltage to the bottom electrode; hence, the electrical field is from the bottom to the top surface in this situation. Then, the plus polarization corresponds to the þc domain. With the imprint properties, the þc domain was the initial polarization. This direction agreed with the SNDM observation results. The hysteresis curve is clearly asymmetric compared in contrast to that of the previous film (100 nm thick). The imprint was 150 kV/ cm, with the direction from the bottom to the surface. If this imprint came from the interface defect, a plus charge would exist at the interface layer. Due to this imprint, the initial polarization from the bottom to the top surface was stable, and it became difficult to reverse polarization perfectly. The polarization value 2P r became as small as 120 mC/cm 2 , which is much smaller than that (194 mC/cm 2 ) of the previous 100 nm PbTiO 3 film.
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The piezoelectric property was measured by atomic force microscopy. As with the topographic measurement, the cantilever position was fed back by an optical lever method using a laser diode, a detector and a piezoelectric zpositioner. A conductive cantilever was placed on the top electrode, and the cantilever was grounded electrically. The input voltage was applied to the SrRuO 3 bottom electrode to generate the piezoelectric strain from the PbTiO 3 thin film. The obtained butterfly-shaped piezoelectric displacement curves are shown in Fig. 6 . Similar to the DE hysteresis curve, the initial direction was stable and indicated that the domain was not perfectly reversed. The excellent linearity in the piezoelectric effect was indicated particularly in the stable polarization state. This linear strain versus electric field indicated that the inverse piezoelectric effect came only from intrinsic tetragonal crystal deformation, without the effects of crystal rotation. From the gradient around the linear part in this graph, the piezoelectric constant was calculated. The effective piezoelectric constant d 33effect was 97 pC/N, which is larger than the predicted value of 79.2 pC/N for PbTiO 3 .
23) The predicted value is for a single crystal, and the clamping effect must be taken into detailed consideration using an equation.
24) The effective piezoelectric constant is shown in
where s is the compliance coefficient and d is the piezoelectric constant with compressed matrix expression. 24) Reports of experimental value about PbTiO 3 are so limited; therefore it is difficult to estimate theoretical values for the present film. Using the value reported by Li et al., 14) d 33effect becomes 31.9 pC/N against d 33 of 83.7 pC/N. On the other hand, there is a tendency that ceramic PbTiO 3 has a small d 31 =d 33 , 15) therefore d 33effect becomes almost the same as d 33 . In the present epitaxial thin film, a-domain structure is included to the dominant c-domain, then it can be considered that the a-domain structure caused the large experimental d 33effect . To estimate the detail piezoelectric properties, the influence of the domain structure should be considered, or a perfectly c-oriented thick PbTiO 3 film should be deposited. 
Conclusions
Using the hydrothermal method, an epitaxial PbTiO 3 thin film was deposited at a thickness of 430 nm. The domain structure was almost þc-oriented, with a small amount of the a-domain. The initial domain structure was stable and difficult to reverse, which resulted in deformed DE hysteresis and piezoelectric strain curves. This imprint properties are thought to be charge-induced defects at the interface layer between PbTiO 3 and SrRuO 3 . In fact, previous PbTiO 3 with a slow deposition speed had a smaller imprint electrical field. The target of the present study was that for future applications of ultrasonic transducers; a high speed deposition and thick films are required. However, high-speed deposition was thought to promote charge defects at the interface. These defects must be related to the a-domain structure. For further examination, TEM observation at the interface layer is indispensable.
Concerning piezoelectric performance, d 33eff was 97 pC/ N and an excellent linearity was confirmed. In the case of piezoelectric actuator applications, the domain does not need to be reversed, and a stable domain structure is preferable. The hydrothermally deposited PbTiO 3 in this study exactly meets this demand. In addition, the polarization direction is aligned during the deposition process so that a poling process is not required. The linearity of the piezoelectric displacement should be useful for practical applications, most notably for-high frequency ultrasonic transducers. 
